We describe sound stimuli that produce the perception of complete rotation around the head. Such stimuli are analogous to wide-field motion stimuli used in visual research, though auditory stimuli, unlike visual stimuli, can be perceived at any point around the head; they are the only cues for spatial perception behind the subject. Using PET on six subjects, we have compared regional brain activity during the perception of such motion stimuli, with the perception of a control stimulus producing equivalent amplitude changes without rotation. Rotation produced activation of the premotor cortex bilaterally and the right superior parietal cortex. The premotor activation involved the frontal eye fields and ventral premotor areas. The bifrontal and right parietal activation is consistent with previous demonstrations of activation within a frontoparietal network of areas during perception of a linear motion stimulus. The inferior premotor activation in this experiment may reflect preparation for head turning in response to auditory targets that cannot be tracked visually.
Lesion and functional imaging studies have demonstrated that the perception of moving sound objects involves areas of cortex distinct from the primary auditory cortex, in parietal and frontal cortex (Griffiths et al., 1996 (Griffiths et al., , 1998 . The previous work was based on narrow-band stimuli producing a perception of linear movement by changing the phase and amplitude between the ears. Such narrow-band stimuli produce a perception of sound within the head, as occurs when listening to a personal stereo. For broad-band sounds in space another cue for the analysis of sound movement is available; the pinnae impose a spatially dependent transfer function Kistler, 1989a, 1989b) , which underlies the perception of the sounds in external space. We hypothesize that the parietofrontal network previously demonstrated is involved in the analysis of movement in auditory space using all available cues, rather than just the analysis of narrow-band interaural cues; there is a complex apparatus for analysis of narrow-band interaural cues from early on in the auditory pathway (Irvine, 1986; Moore, 1994) . In this experiment we have convolved external broad-band sounds with the subjects' own pinna transfer functions to produce moving stimuli that are perceived as being in external space, when played back over insert earphones. We have used these stimuli with PET to test the hypothesis that the perceived movement in space is based on a similar network to that demonstrated previously with narrowband stimuli.
Apart from producing a perception of movement in external space, the stimulus is different in another important respect from the previous studies of auditory movement using functional imaging. The percept produced is of rotatory movement within a horizontal sound field surrounding the subject. Such stimuli are analogous to visual wide-field stimuli (Cheng et al., 1995) . However, unlike the visual case, the physiological azimuthal sound field in humans spans 2, so that for certain locations in space the only available object localization cues are acoustic. Such wide-field acoustic stimuli may be important in the perception of the large amount of space that is unavailable to visual analysis and in the perception of self movement within the acoustic environment.
MATERIALS AND METHODS

Subjects
Six right-handed male subjects took part in the study aged 19-42. All gave informed consent to take part in the study, which was approved by the ethical committee of the National Hospital for Neurology and Neurosurgery (London). All subjects had normal pure tone audiograms and no neurological or psychiatric history.
Stimuli
Stimuli were recorded individually for each subject in advance of their PET scan. Recordings were carried out with the subject sitting in a large soundproofed room, with the head at the center of an array of four small identical speakers (Fig. 1) . The speakers were placed at a distance of 0.8 m from the center of the subject's head. Coherent broad-band noise (passband 500 Hz to 10 kHz) was played through the speakers at a sensation level of 60 dB. The noise was amplitude modulated in one of two ways. In the first condition (coherent noise condition), the noise was synchronously amplitude modulated in the four speakers, using 100% sinusoidal amplitude modulation with a modulation rate of 1 Hz; this results in the perception of amplitude modulation of a surrounding sound field. In the second sound condition (rotating noise condition) the instantaneous phase of the modulation envelope differed by /2 sequentially from one speaker to the next; this results in the perception of rotation within the surrounding sound field at a rate of 1 Hz. The sequence of phase change could be altered so that perception of either clockwise or counterclockwise rotation could be produced.
Considered at either ear alone, the coherent noise and rotating noise conditions produce identical spectral energy distributions over time. Both stimuli produce a percept of sound surrounding the subject. This allows any difference in brain activation between the two conditions to be ascribed to the perception of, and attention to, rotation within the sound field.
The acoustic waveform within each subject's ear canal when presented with the stimuli was recorded by means of Knowles Electret miniature microphones placed within the ear canal. The stimuli were recorded onto DAT tape and played back to the subjects over insert earphones during PET scanning at the same sensation level. In this way, the stimuli were convolved with the subject's own pinna transfer functions to produce the perception of sound in space. This recording method automatically takes differences in the subjects' head transfer functions into account, without the need for measurement of that function or the use of generic head-related transfer functions Kistler, 1989a, 1989b) .
Paradigm
Subjects underwent 12 PET scans using the oxygen-15-labeled water bolus technique and a Siemens scanner in 3D mode. Subjects were required to fixate a spot at the midpoint of the visual axis during all scans. Eye movements were monitored visually during the scanning session. During the first and last scans the subject fixated the spot with no acoustic stimulus. During all of the other scans the subjects listened to one of the sound stimuli and were required to concentrate on any changes in the sound and report back afterwards any changes that were perceived. Four scans were carried out with presentation of the coherent noise condition and six scans with the rotating noise condition (three scans each with clockwise and counterclockwise rotation). The scan order for the sound scans was randomized.
Subjects also underwent T1-weighted structural MRI scanning using a Siemens 2T scanner.
Analysis
Analysis was carried out using statistical parametric mapping software (SPM96; http//:www.fil.ion.ucl.ac.uk/ spm). Scans were realigned and spatially normalized (Friston et al., 1995) to the standard stereotactic space of Talairach (Talairach and Tournoux, 1988) . The data were smoothed with a Gaussian filter (full width at half maximum of 16 mm). Analysis of covariance was used to correct for differences in global blood flow between the scans. Differences in blood flow between conditions were assessed with the t statistic at each voxel.
The activation due to all the sound conditions was compared with rest, and the activation compared with the area corresponding to the primary auditory cortex (Penhune et al., 1996) . The activation due to the rotating noise condition was compared to the coherent noise condition, both for the total rotating noise scans and for the two directions of rotation considered separately.
RESULTS
Perceptual Report
During playback subjects perceived an external virtual sound image for both noise conditions. All subjects were able to correctly distinguish the rotating noise condition from the coherent noise condition during recording and playback on every trial (two alternative forced choice interrogations). All subjects were able to correctly distinguish clockwise from counterclockwise rotation during recording and playback on every trial. No subject experienced vertigo during recording or playback. No eye movements were observed during the scanning session.
Activation during Sound Perception
Significant increases in activation compared to rest were found in the regions corresponding to the human primary auditory cortex (Penhune et al., 1996) . Table 1 lists these areas of activation and their significance levels for the combined scans with sound stimulation. Activation was also demonstrated in the right parietal cortex, left cerebellum, and posterior cingulate cortex. The individual sound conditions compared to rest all showed significant activation in the region of the primary auditory cortex.
Activation during Sound Rotation Perception
Increases in activation due to the rotating noise compared to the coherent noise conditions were found in the right parietal cortex and bilateral premotor cortices (Table 1 and Fig. 2 ). Analyzed separately, both directions of movement produced bilateral activation in the premotor cortex (Table 1 ). The comparison for the clockwise, but not the counterclockwise, direction of rotation showed two areas of activation in the right parietal cortex (48 Ϫ22 52 and 42 Ϫ40 48).
DISCUSSION
In this experiment a simple recording technique has been used to create virtual acoustic stimuli, which produce the same percept of auditory movement in space as free-field stimuli. Using this technique we have shown that the same network of frontal and right parietal areas has been activated as in our previous The noise envelope is systematically delayed at each speaker to produce a perception of rotation around the subject. In both cases recordings were made at the ear canal for each subject to allow playback of a virtual acoustic stimulus during the PET experiment (see Materials and Methods).
imaging studies of sound-movement perception. This is consistent with a general role for this network in sound-movement analysis, rather than a specific role for the analysis of narrow-band cues used in the previous experiments. Such a role would be consistent with the hypothesis that there is a specific stream for auditory spatial analysis involving the parietal and frontal cortices (Rauschecker, 1998) .
Simulated Motion Using Individual Subject Recording
We have simulated sound movement in space using a recording technique that does not require an anechoic recording environment, which we argue makes these results relevant to acoustic stimuli in the real world and increases the general utility of the technique. The technique takes into account individual differences in head-related transfer function, without the need to compute individual transfer functions. One previous study of auditory spatial perception used generic headrelated transfer functions and on-line convolution to create a stimulus in virtual space for functional imaging (Weeks et al., 1997) . Although subjects can adapt to new head-related transfer functions (Hofman et al., 1998) , the process takes several weeks; the use of individual stimuli represents the optimal method for use with imaging. Because the technique depends on the precise form of the sound power and phase spectrum across a range of frequencies, a high quality
FIG. 1-Continued
sound delivery method is needed that preserves these features. In this experiment with PET, hi-fidelity insert earphones proved adequate, though the use of the tubephones employed in many fMRI studies would require modification to take account of the acoustic effect of the tube.
Bilateral Activation of Premotor Areas during Auditory Rotation Perception
Comparison of the activation during the rotating noise condition to that during the coherent noise condition has demonstrated bilateral activation in the premotor cortex. Premotor activation was demonstrated in a previous fMRI experiment using a linear motion stimulus, but was not shown with PET using the same stimulus (Griffiths et al., 1998) . The peak premotor activations in the present experiment (Ϫ54 Ϫ2 36 and 60 Ϫ4 34) were inferior to those in the fMRI linear motion experiment (Ϫ36 0 58 and 58 8 46). The left activation was part of a cluster of activity that overlapped with the previously demonstrated area, while the right activation was part of a cluster of activity that extended further inferiorly. The left premotor activation was significant at a level of P Ͻ 0.05, using the previously reported coordinates as the a priori spatial hypothesis (spatial extent method of Friston (1997) , Z threshold ϭ 2.5). The right premotor activation significance level was P Ͻ 0.10.
We considered whether the premotor activation involved the frontal eye fields. Eye movement was controlled by visual fixation, but activity related to eyemovement planning or suppression could not be controlled in this way. The peak activity observed on either side is not within the 95% confidence limits for the location of the frontal eye fields based on grouped data from several functional imaging studies (Paus, 1996) . The activity on the left, however, did extend superiorly to overlap the left frontal eye field.
The activation during rotation perception on both sides involved the ventral premotor cortex (ventral BA 6). Neurophysiological studies of cells in this area (Fogassi et al., 1996; Graziano et al., 1997a Graziano et al., , 1997b reveal responses to visual, auditory, and tactile stimulation, with many cells having spatially tuned receptive fields that are fixed in body-centered coordinates. Human functional imaging studies have revealed responses in this area to wide-field visual motion stimuli (Cheng et al., 1995) and to preparation for limb movements (Stephan et al., 1995) . This area may be involved in the coding of sensory space in a coordinate system suitable for the execution of movement. In this experiment, activation may reflect auditory spatial analysis or preparation for head turning or reaching in response to a stimulus that is outside the visual field for most of the experiment.
Premotor activation in ventral premotor cortex has been demonstrated in functional imaging studies of visuospatial attention (Corbetta et al., 1993; Coull and Nobre, 1998; Nobre et al., 1998 Nobre et al., , 1997 , and the activation demonstrated in the current experiment may reflect constantly shifting spatial attention due to the rotation of the stimulus. In our experiment both the control stimulus and the rotating stimulus were perceived as ''sound fields'' that surrounded the subject; the increased activation in the rotating noise condition cannot be ascribed to attention to surrounding space per se, but can only be ascribed to a specific attention to movement within that surrounding space. We feel that the premotor activation can be explained without the need to invoke an attentional basis.
Right Parietal Cortex Activation
Increased activation during the rotating noise condition was demonstrated in the parietal cortex anterior to the activation in the previous linear motion study. The right parietal area (48 Ϫ22 52) was situated approximately 30 mm from areas of activation shown previ- Note. All areas with a Z score greater than 3.0 are reported.
ously in a PET (24 Ϫ40 66) and fMRI (32 Ϫ42 50) experiment to determine activation due to linear auditory motion analysis (Griffiths et al., 1998) . The parietal activation was anterior to the areas in the previous experiment. The peak activation is within the combined resolution of the two PET experiments. In the analysis for different directions increased parietal activation was only shown in the comparison for the counterclockwise direction of motion, in which two parietal areas were demonstrated. The lack of consistent activation due to both directions of movement may reflect decreased power in these subanalyses. We have previously suggested a role for the right parietal cortex in the perception of auditory movement (Griffiths et al., 1998 (Griffiths et al., , 1996 based on experiments using narrow band stimuli. The present experiment is also consistent with the suggestion that the area is concerned with movement perception, rather than the simple detection of narrow-band interaural cues.
Other Activation
As in the previous sound movement studies, no specific activation of primary or association auditory cortex has been demonstrated during perception of sound movement. Although the auditory cortex is significantly active during all of the auditory trials, no difference between sound conditions has been demonstrated in the auditory cortex. Neither has any activation been demonstrated in the right insula cortex, which we have demonstrated in one previous study using a binaural beat stimulus (Griffiths et al., 1994) . The binaural beat stimulus can produce a percept of self-rotation, which was not the case in this experiment. We predict that stimuli similar to the one in the present experiment could activate the insula if they produced a perception of self-motion or vertigo.
